Polycrystalline aggregates of cementite (Fe 3 C) and (Fe,Ni) 3 C have been synthesised at 10 GPa and 1250 °C in the multianvil apparatus. Further, deformation of the carbides by stress relaxation has been carried out at temperature of 1250 °C and for 8 h at the same pressure. (0 1 0). Given the plastic anisotropy of cementite, the morphology of the lamellae in pearlitic steels appears to have a major role in the strengthening role played by this phase, since activation of easy slip systems is geometrically inhibited in most cases.
Introduction
Cementite Fe 3 C is the main iron carbide in pearlitic steels and plays a pivotal role in determining their strength. Cementite exhibits an orthorhombic symmetry. When described within the space group Pnma, 1 lattice parameters are a = 5.03 Å, b = 6.71 Å and c = 4.53 Å. A Fe 3 C unit cell contains 12 iron atoms and 4 carbon atoms. Regarding mechanical stability, this material is strongly anisotropic in terms of elasticity and ultimate properties [4, 13] . Despite numerous studies on the mechanical properties of these alloys, our understanding on the basic deformation mechanisms of cementite is still incomplete. Several evidence have been provided that cementite can exhibit a ductile behaviour [3, 10, 11, 15, 17, 27, 28] . Very few microstructural investigations have been carried out to characterise elementary deformation mechanisms in cementite, including dislocations and slip systems. Most Burgers vectors which are likely to exist in this orthorhombic structure (i.e. [10, 11, 17, 27] , but detailed characterisations are scarce. In a recent study, Kar'kina et al. [14] have drawn attention on the contribution of partial [1 0 0] dislocations gliding in (0 1 0) in cold plastic deformation of cementite in granular pearlite.
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It has long been recognised that cementite becomes more stable under increasing pressure [31] . Recently, Rohrbach et al. [26] have shown that coarse-grained cementite could be synthesised from multianvil experiments. They observed that eutectic temperature of Fe-Ni-C system is very low (1125 °C at an X Ni of 0.5) compared to Fe-C system (i.e. 1210 °C at the Fe-C side) in the reduced phase.
In this study, cementite has been synthesised at high pressure and temperature in the multianvil apparatus and subsequently deformed in an experiment slightly modified to apply deviatoric stresses. The dislocations are characterised by transmission electron microscopy (TEM).
Methods

Starting materials
Two different starting materials are used in the present study. In the Fe-C system, starting material is on the pure Fe 3 C composition which is a mixture of pure powder of Fe (99.9% purity powder from ' Alfa Aesar') and mono crystalline diamond (1/4-3/4 μm grain size from 'Microdiamant') in Fe 92.5 C 7.5 composition (in wt.%) and another composition is a mixture of pure powders of Fe and Ni (99.9% purity powder from ' Alfa Aesar') with diamond powder in Fe 82.5 Ni 10 C 7.5 (in wt.%). Previous experiments [26] have shown that using graphite should be avoided because it makes reaction kinetics very slow and experimental charge does not reach equilibrium in few hours. Also graphite is very light and segregates in flakes during mixing under ethanol in the agate mortar and creates slightly compositional heterogeneities. All ingredients were stored in a sensor-controlled desiccator to avoid their hydration or oxidation. The powders were stored in a drying furnace at 110 °C until used. In general, starting mixes were prepared shortly prior to experimentation to avoid oxidation.
Multianvil experiments
Experiments were carried out in 1000-ton Walker-type multianvil devices at 10 GPa and 1250 °C at the Institute of Geochemistry and Petrology, ETH Zürich. We used 18/11 assemblies with chromium-doped MgO octahedra, stepped LaCrO 3 furnaces and pyrophyllite gaskets. Details of assembly design and pressure calibration of the Zurich multianvil are given in Grassi and Schmidt [6] .
For the synthesis of carbides used in this study, the starting powder was encapsulated into polycrystalline crushable Al 2 O 3 containers (porosity 30%), two of which were stacked upside down into the centre part of the furnace. Run temperature was measured with type C thermocouples and no pressure correction on the emf was applied. Experiments were brought up to 10 GPa, heated to the 1250 °C at a rate of ~50°/min and annealing for 30 h at the same pressure (synthesis run # DFC-1). The combined uncertainty of the temperature measurement, which results from temperature fluctuations during the run (±5 °C) and temperature gradients within the assembly, is estimated to be about ±20 °C. Samples were quenched by turning off the power supply, resulting in reducing the temperature to below 500 °C in <1 s. After the first run of synthesis, the resulting cementite [Fe 3 C and (Fe,Ni) 3 C] phases were extracted from the compressed high-pressure cell. They were then positioned in another high-pressure cell designed to induce deviatoric stresses by adding hard alumina pistons [2] . Deformation experiments were conducted at the same pressure and at temperatures of 1250 °C than synthesis, for 8 h (deformation run # DFC-2 is Ni-free and deformation run # DFC-3 is with Ni). A diagram of the cell assembly for deformation experiment is given in Figure 1. 
Transmission electron microscopy
The samples have been mechanically polished down to ca. 30 μm thick. The resulting foils were ion sputtered with a Gatan® DuoMill TM model 600, to reach electron transparency. TEM characterisations were performed at the TEM facility at the University of Lille1, with a FEI® Tecnaï G 2 20Twin microscope, operating at 200 kV and a FEI® CM30 microscope, operating at 300 kV, both equipped with a LaB 6 filament. Dislocation microstructures were investigated in the weak-beam dark-field (WBDF) mode. Energy-filtered WBDF images were acquired (in order to keep the elastic electrons only) to distinguish fine dislocation details, using a Gatan® imaging filtering model 2000 electron energy loss spectrometer coupled to the microscope [21] . Precession electron diffraction (PED) was performed using a 'Spinning Star' precession module from the NanoMEGAS' Company. In PED technique, the incident beam is scanned at a constant precession angle (ranging from 1° to 3°) around the optical axis, in combination with an opposite and synchronised descan of the transmitted and diffracted beams below the specimen [29] . During the precession movement, the reciprocal lattice nodes are thus swept through the Ewald sphere and integrated intensities over a large range of deviation parameter s around the Bragg orientation are collected. PED has the following main advantages: (1) the zone axis patterns are very symmetrical, even if the specimen zone axis is not exactly located along the optical axis; (2) the incident beam is never directed along the zone axis so that dynamical interactions are strongly reduced; (3) with large precession angles, a 'two-beam' behaviour is observed, which limits the multiple diffraction paths and allows the identification of the kinematical forbidden reflections; and (4) very small differences of intensity are visible. Hence, diffraction patterns carry not only geometrical information, but also intensity information which enhances reliability in pattern indexation. Electron diffraction pattern were simulated using the 'Electron Diffraction' software from Morniroli et al. [19] . TEM-based orientation mapping [23, 24] has been performed using the NanoMEGAS' ASTAR/DigiSTAR precession-assisted crystal orientation mapping technique. Electron diffraction spot patterns were collected sequentially with a 20 nm step size (typical mapped areas are of the order of 5 μm × 5 μm) using the microprobe mode with a beam diameter of 30 nm and a condenser aperture of 10 μm. The beam was precessed (precession angle 0.6°) around the optical axis of the microscope to reduce strong dynamical effects and increase the number of reflections. Once the automated acquisition of several thousands of precessed diffraction patterns has been completed, orientation identification is performed for each individual pattern, via comparison with previously generated model templates. For each individual experimental diffraction pattern, a specific best orientation is automatically chosen with an associated degree of confidence in the choice; this is called the reliability and maps can be issued featuring this parameter. Reliability maps clearly reveal grain and phase boundaries. Transmitted beam intensity fluctuation maps (called virtual bright field images) can be produced by integrating the intensity within a virtual aperture placed on the same position for all diffraction patterns.
Electron tomography was performed with a double-tilt sample holder with a maximal angular range of ±60°. As in our previous work [20] , the obtained tilted series have been manually centred within one pixel accuracy, and then filtered with the ImageJ software to enhance the dislocation contrast, and improve the background and dislocation contrast homogeneity. The 3D images have been generated with two reconstruction algorithms: The simultaneous iterative reconstruction technique algorithm [22] used with the Gatan® 3D reconstruction software; and the weighted back projection algorithm [7] used with the TomoJ plugin [18] accessible in ImageJ.
In the LACBED configuration, the specimen is not located in the object plane, i.e. at the focused beam crossover, as in the conventional CBED mode. A selected-area aperture (10 μm in diameter) is introduced in the image plane to select the transmitted beam to form a bright field LACBED pattern. Such patterns display many Bragg lines coming from various layers of the reciprocal space superimposed to a shadow image of the illuminated area of the specimen. The small size of the selected area aperture has been used to obtain filtered LACBED patterns (thin Bragg lines can be distinguished). In LACBED, the g.b product is obtained by counting the nodes of a split Bragg line crossing a dislocation line [1] . Interactions with three independent Bragg lines allow unambiguous determination of the Burgers vector without any assumption.
Results
Both samples appear to be very similar showing that the Ni content does not affect significantly the deformation mechanisms activated. The samples are coarse-grains polycrystals with cementite grain sizes ranging from one micrometre to a few tens of micrometres (see Figure 2 ) which form a load-bearing structure. Some secondary phases (they appear in black in Figure 2 since they are not indexed with the cementite structure) can be observed at grain boundaries or sometimes inside the cementite grains. Several grains exhibit dislocation activity, but not all. On all grains in which dislocations have been characterised, zone axis patterns have been acquired in PED to check for the cementite crystal structure, to orientate the grain and to select diffraction vectors with large structure factors ( can be used to further constraint the Burgers vectors following the technique proposed by Ishida et al. [12] . In any case, we couldn't find any significant evidence for [0 1 0] dislocation activity. Figure 6 shows a micrograph where a grain was oriented to select a g: 0 6 0 diffraction vector to image the microstructure. This reflection which has a high structure factor (Table 1) should clearly reveal the presence of [0 1 0] dislocations. Such is not the case. Figure 6 shows that we can Figures 7 and 8) .
The glide planes of dislocations can be identified by tilting the specimen until the planes are edge-on. A curved dislocation appears as a straight segment under this orientation. An example is shown in Figure 9 where a [0 0 1] dislocation line with a clear bent appears straight when its glide plane, (1 0 0) is seen edge-on. The difficulty with this technique is that the useful orientation may not be reached within the tilt range of the specimen holder. Electron tomography is a way to overcome this limitation. Figure 10 presents such a case where a long [0 0 1] segment with a small but detectable curvature could not be put edge-on experimentally. However, after having recorded a tilt series and performed a tomographic reconstruction, we could show that this dislocation is gliding in the (0 1 0) plane. The case of [1 0 0] dislocations is more interesting. There are many evidences that these dislocations exhibit a double contrast which suggests a dissociation. Figure 11 [1 0 0]. The dissociation plane is of major interest since it is the plane where this dislocation will be able to glide. To characterise this plane, we have again used electron tomography to find that the dissociation plane is (0 1 0) (see Figure 12) . Indeed, we can verify that the glide plane of the second dissociated [1 0 0] dislocation, on the lower part of the micrographs in Figure 12 , coincides with the dissociation plane. From this characterisation, it is also possible to deduce the dissociation width: 12 nm.
Finally, must also be noted that only few evidence where found for dislocation reactions (junctions) or for subgrain formation.
Discussion and conclusion
Our study shows that at 1250 °C, cementite can be plastically deformed by dislocation glide as already suggested by the early studies of Keh [15] , Koréeda and Shimizu [17] , Sevillano [27] and Inoue et al. [8, 9] . Inoue et al. [10, 11] attempted to determine the Burgers vector of dislocations in deformed cementite. They found mostly [1 0 0] dislocations. More recently, Kar'kina et al. [14] showed that, at the early stages of deformation of granular pearlite, carbide particles are deformed by partial [1 0 0] dislocations. Our study does confirm the importance of [1 0 0] glide in the plasticity of cementite. Although statistics is always a difficult issue in TEM observations, it remains a fact that most of the dislocations that we observed are of the [1 0 0] type. Another interesting observation is that [1 0 0] dislocations are dissociated. In a recent study, we used the Peierls Nabarro model to determine the core structure of [1 0 0] dislocations (Garvik et al. [5] ). We showed that they exhibit core spreading in the (0 1 0) plane. We confirm here that [1 0 0] dislocations are dissociated in this plane. At high temperature, the dissociated dislocations glide at once (i.e. with partial dislocations still correlated) in the (0 1 0) plane. However, the Peierls Nabarro model suggests two asymmetric partials which may experience different lattice frictions (Garvik et al. [5] ). At lower temperature and under high stress, the two partials may de-correlate leading to a deformation by partials as observed by Kar'kina et al. [14] (also probably reported by Keh [15] although some ambiguity remain on the plane containing the stacking fault reported in their work where the space group used is not precised).
The second occurrence of dislocations corresponds to a [0 0 1] Burgers vector. Evidence for [0 0 1] glide are dubious in the literature, but their occurrence has been suggested in subgrain boundaries by Inoue et al. [10, 11] . In our study, these dislocations appeared not to be dissociated in agreement with our core modelling [5] . They glide in (1 0 0) and (0 1 0). Finally, we could not find any significance evidence for [0 1 0] glide. Here again, comparison with the literature is uncertain, however, to the best of our knowledge, we could not find any clear evidence for such dislocations.
From the kinematic point of view, the ductility of a polycrystalline aggregate is linked to the availability of five independent slip systems. In cementite this is clearly questionable. Following Kim et al. [16] , Umemoto et al. [28] showed that above 773 K, bulk cementite polycrystals could be plastically deformed under the operation of grain boundary processes due to small grain sizes. The ductility of large grain aggregates through intracrystalline mechanisms still remains an open issue. The situation is slightly different in pearlitic steels where cementite exhibits a lamellar morphology embedded in a ferritic matrix. Strain incompatibilities at the ferrite/cementite interface are certainly a key issue in understanding the ability of cementite to deform, but morphology may be important as well. Again there are ample evidence that cementite lamellae undergo plastic deformation. For instance, Umemoto et al. [28] showed evidence for striction, buckling and more importantly of slip traces on cementite lamellae demonstrating single slip activity. Unfortunately, the crystallographic orientation of the lamellae was not provided in Umemoto et al. [28] . The nature of crystallographic relationships between ferrite and cementite has been revisited by Zhang et al. [30] who suggest a few low-misfit habit planes. Among them, (0 1 0) would correspond to the smallest interfacial energy barrier and to the smallest transformation strain. This morphology has been observed by Fang et al. [3] who report dislocation activity transmitted into cementite lamellae across the (0 1 0) interface (personal communication on the use of the Pbnm space group in their publication). The two Burgers vectors for easy glide being parallel to this habit plane, any shear would need to activate hard [0 1 0] glide in a direction perpendicular to the lamellae habit plane, contributing to a hard response of cementite. This scenario is compatible with the observation reported by Umemoto et al. [28] in their Figure 1 . The two other habit plane proposed by Zhang et al. [30] are (1 3 0) and (1 1 
Conclusion
Our study highlights the importance of [1 0 0] and [0 0 1] slip in the plasticity of cementite. We observe that [1 0 0] dislocations are dissociated in agreement with our theoretical prediction (Garvik et al. [5] ) and with the observation of activation of partial [1 0 0](0 1 0) dislocations in cementite deformed at low temperature (Keh [15] and Karkina et al. [14] ). The strengthening role played by cementite in pearlitic steels would thus also be controlled by the morphology. Considering the observation of lamellae parallel to (0 1 0) reported by Fang et al. [3] , one notes that transmission of plasticity into the cementite phase can only be activated along one direction [0 1 0] which seems to be the most difficult to activate. Only lamellae parallel to (1 1 0), as proposed by Zhang et al. [30] , would allow to activate easy [1 0 0] slip. Given the plastic anisotropy of cementite, the morphology of the lamellae in pearlitic steels appears to have a major role in the strengthening role played by this phase.
Note
1. All planes and directions indicated in this publication are described within the Pnma space group. When referring to a publication using a different convention, the indices have been permuted.
